In an attempt to explore the mechanism for the synthesis of silsesquioxanes (POSS), the entire reaction processes from HSi(OH)3 to T8, one of the most common and stable POSS was investigated with electronic structure theory calculations, including electron correlation effects. In addition, the effect of some controlling factors, which play important roles in the reaction mechanism, is discussed.
Introduction
Polyhedral oligomeric silsesquioxanes (POSS), [RSiO 1.5 ] n (n ) 4, 6, 8, 10, 12, ...) , have attracted considerable experimental and theoretical interest for many years because of their wide variety of practical uses. 1, 2 However, most previous studies have focused on the structures and properties of POSS compounds or on modeling surface reactions of silica or zeolites, and the mechanism(s) for the synthesis of POSS is not yet wellunderstood.
Continuing the present series of electronic structure studies on POSS, we report here the results of calculations on the latter stages of the mechanism for the synthesis of POSS. Previous papers in this series have presented results on the early stages of the reaction mechanism 3a (hydrolysis and initial condensation) as well as the further condensation to form cyclosiloxanes. 3b Also investigated have been the effects of substituents such as CH 3 , i-Pr, t-Bu, and phenyl groups, as well as catalytic and solvent waters, on steps of the mechanism. 3c The present work examines the entire process from HSi(OH) 3 to T 8 that is one of the most common and stable POSS species. Of course, there exist many possible pathways. The focus here, for simplicity, is on selected direct pathways that seem the most plausible. In addition, the key factors that determine the reaction mechanisms for the POSS synthesis are explored.
Computational Methods
The geometries of all molecules of interest have been fully optimized by employing the B3LYP hybrid density functional theory 4 using the 6-31G(d) basis set. 5 All compounds were characterized as minima or transition states by calculating and diagonalizing the B3LYP/6-31G(d) Hessian matrix of energy second derivatives. Finally, single-point MP2 6 energy calculations have been performed at all stationary points to obtain more reliable energetics. All relative energies reported in this work have been corrected for harmonic zero-point vibrational energies. 7 All calculations were performed with the GAMESS 8 and Gaussian electronic structure codes. 9
Result and Discussion 1. Reaction Intermediates. T 8 ([RSiO 1.5 ] 8 , R ) H) is one of the most common and most stable POSS with a cubic structure. Presented here are the most simple, plausible direct routes from the starting molecule, trisilanol (HSi(OH) 3 ), to the desired product T 8 . The entire reaction scheme, including all intermediates considered, is shown in Figure 1 . Previous papers in this series have investigated the reaction mechanisms of hydrolysis to form HSi(OH) 3 from trihalosilane (RSiX 3 ) and the subsequent condensations to form disiloxane (H(OH) 2 SiOSi-(OH) 2 H) 3a and some ring structures, such as cyclosiloxanes ((H(OH)SiO) n , n ) 3, 4). 3b Therefore, the focus in the present Figure 1 . Schematic of all processes from silanol (A; HSi(OH)3) to T8 (U). The numbers are the MP2//B3LYP/6-31G(d) + ZPC reaction energies along the direction of the arrow. Numbers in parentheses are the number of intramolecular hydrogen bonds that are shorter than 2.5 Å.
work is on the further condensations from D 4 ((H(OH)SiO) 4 ) to produce T 8 . In addition, a key aspect of this investigation is to obtain a fundamental understanding of the most important factors that control the reaction mechanisms.
Before discussing the mechanisms in detail, it is worthwhile to examine the structure and the stability of some reaction intermediates, often referred to as incompletely condensed POSS. This means these structures still have one or more OH groups that may still participate in further condensations. Therefore, these species have some intramolecular hydrogen bonds through the remaining OH groups, as indicated in Figure  1 . In general, one expects that the existence of hydrogen bonds via the OH groups should make the intermediate more stable compared to other isomers that do not have hydrogen bonds.
First, compare structures G and H and their trans isomers G′ and H′ (Figure 2) , where trans refers to the relative orientation of the dihydroxysilanyl groups. Although it is clear that the trans isomers do not play a central role as intermediate complexes in a direct mechanism that leads to T 8 , these isomers are considered in order to obtain a thorough understanding of the overall mechanism and competing processes. As the figure shows, the number of hydrogen bonds is smaller in the trans isomers (G′ and H′) than in the corresponding cis isomers (G and H). This stabilization due to hydrogen bonding results in the preferential formation of cage structures leading ultimately to T 8 in a stepwise manner.
Next, consider the location where an additional Si unit attaches in a stepwise manner. The two Si units (small black circles in the figure) are adjacent to each other in G and G′, while they are diagonally displaced in H and H′. The number of hydrogen bonds is the same in both cis isomers (G and H) and in both trans isomers (G′ and H′) ; however, the isomers with the diagonal arrangement (H and H′) are more stable than those with adjacent groups (G and G′). This is probably a steric effect. As a result, the D 4 plane may be deformed significantly in G and G′. To confirm this, compare the stability of the D 4 plane in the four isomers. Figure 3 shows (H 2 SiO) 4 obtained by full geometry optimization, except that the D 4 frameworks (dihedral angles) are fixed at the values in the four isomers. 10 Fully optimized (H 2 SiO) 4 is also shown in the center of the figure for comparison. The energy differences are very small, but the order of stability is the same as in the four isomers, G, G′, H, and H′. (H2SiO)4 where the framework of the ring is fixed as in the intermediates. The (H2-SiO)4 in the center is the fully optimized structure at the same level of theory. The energies relative to cyclotetrasiloxane with the framework of H at the same level of theory are in parentheses. Similar considerations apply to the species W and X as shown in Figure 4 . In W, two Si 2 (disiloxane) units are attached diagonally to each other in the D 4 ring, while these units are in adjacent positions in X. The two isomers have the same number of hydrogen bonds, although these bonds are shorter, and therefore probably stronger, in W. The (H 2 SiO) 4 unit in D 4 in W is slightly more stable than that in X, by 0.6 kcal/mol. 11 Even though these energy differences are small, it appears that the additional stepwise condensation on D 4 may take place preferentially in such a manner as to reduce steric crowding. This effect is expected to become more important when bulky substituents are present.
Next, consider the three pairs of isomers, (i) J and K, (ii) N and T, and (iii) R and V in Figure 5 . These species correspond to the next sequence of steps in the ultimate synthesis of T 8 . In J and K, a second D 4 unit has been built as a second face of a cube (J) or as a diagonal face (K). The structure with the stronger hydrogen bonds (J) is lower in energy by 2 kcal/mol. N and T build another D 4 plane upon J, again as a new face in the ultimate cube (N) or as a diagonal plane (T). Once again, the former structure with stronger hydrogen bonds is lower in energy by 4 kcal/mol. Structures R and V follow the same pattern. In all cases, the number of efficient hydrogen bonds rather than only the number seems to be important in determining the relative stability of intermediate structures. In addition, the formation of the deformed larger rings in K (D 5 ), T (D 6 ), and V (D 5 ) may contribute to the instability of these structures.
2. Heats of Reaction for the Three Types of Condensation. As illustrated in Figure 1 , there are many possible intermediate complexes, and they have been divided into three types of condensation from C (D 4 ), namely condensations that proceed by (a) successive additions of a trisilanol unit (denoted Si) (the corner addition mechanism), (b) additions of two Si (disiloxane) units (denoted diSi) (edge addition mechanism) and (c) a D 4 plane (plane addition mechanism). Hybrid mechanisms (mixtures of two or three types) may be also possible, but these have not been considered in this study. The relative energies for these three processes are displayed in Figures 6-8 
The heat of reaction increases when a D 4 plane is formed at L, probably because of ring strain. This is always seen for the corresponding reactions considered here. However, the heat of reaction decreases at L if the mechanism proceeds through intermediate
L may be considered to be the direct precursor of O. This process E f O is endothermic. Because O can be a starting material for the synthesis of various new functional POSS compounds, 2h it has been investigated frequently and recently detected experimentally. 2j The intermediate complex on this section of the potential energy surface with the lowest energy compared to C is F; F + 4 H 2 O lies 63.1 kcal/mol below C + 4 A. After the intermediates with eight Si units are formed, the remaining steps that lead to the final T 8 product U are net endothermic, although some individual steps correspond to energy decreases. The final product, U (T 8 ), is 21.1 kcal/mol lower in energy than C plus four Si units, so that the overall process in this mechanism is exothermic.
For the edge addition mechanism (b) in Figure 7 , the initial step is the addition of a diSi unit to form the intermediate I.
Then, the structure with eight Si units (W, X, or Y) is formed by the addition of one more disiloxane. W is the most stable of these three intermediates. W + 2 H 2 O lies 33.7 kcal/mol lower than C + 2 B. Condensation then proceeds from W (or X or Y) f P f Q or X (or Y) f M f N, with an accompanying increase in energy. N or Q can then proceed to R and then finally to U. A similar energy increase was found for mechanism (a) in Figure 6 . As for mechanism (a), mechanism (b) is also net exothermic relative to starting reactants C plus two diSi units. However, the exothermicity is only 2.0 kcal/mol, as compared with ∼21 kcal/mol for mechanism (a).
Mechanism (c) , illustrated in Figure 8 , is quite simple. S (the structure with eight Si units) is first formed by the condensation of two D 4 planes. This reaction is 19.0 kcal/mol exothermic. All subsequent steps are endothermic condensations, and the net reaction 2 C f U + 4 H 2 O is endothermic by 6.4 kcal/ mol. This mildly endothermic process is the most direct route to T 8 among the three mechanisms.
These purely thermodynamic comparisons suggest that, in the gas phase, mechanism (a) is strongly exothermic, mechanism (b) is slightly exothermic, and mechanism (c) is slightly endothermic. Except for the final step in mechanism (c) , all intermediates in all mechanisms lie lower in energy than the starting reactants. So, all three mechanisms are thermodynamically feasible. Despite the fact that low-lying intermediates exist in all three mechanisms (e.g., F in mechanism (a), W in mechanism (b) , S in mechanism (c)), sufficient energy is available in the first two mechanisms to drive the reaction to products. However, the next step is to consider the barrier heights for each reaction, to determine the kinetic effects on the three competing mechanisms.
3. Condensation Barriers. Therefore, we now consider the transition structures for the condensation reactions in all three mechanisms. The first three reactions to be discussed are (i) C + A f D (Figure 6 ), (ii) C + B f I (Figure 7) , and (iii) C + C f S (Figure 8 ), plus the appropriate number of extruded water molecules in each case. There are two types of transition structures (TS1 and TS2) for the first two reactions, as shown in Figure 9 . In both reactions (i) and (ii), the leaving water is formed from an H of the D 4 moiety and a silanol or disiloxane OH group in TS1, while in TS2, the OH of D 4 abstracts an H from a silanol or disiloxane. D 4 has an all-cis conformation, 3b as shown in the center of the figure, because of the hydrogen bond network. Note that the D 4 structure is not very deformed in TS1, whereas in TS2, the D 4 moiety is much more deformed. This may be why TS1 is more stable than TS2 in both mechanisms. The energy difference between the alternative transition states is only ∼1 kcal/mol for reaction (ii), but it is more than 4 kcal/mol for reaction (i). Interestingly, there are four hydrogen bonds in both TS1 and TS2 for both reactions. The TS1 energy barrier is slightly (<1 kcal/mol) lower for reaction (i) than for reaction (ii).
For reaction (iii), only one transition structure has been located, as shown in Figure 10 . This transition state has many hydrogen bonds, thereby making it much lower in energy than the most favorable (TS1) transition states in reactions (i) and (ii), with a barrier height of just over 1 kcal/mol. Therefore, this D 4 -D 4 condensation is predicted to take place very easily even in the gas phase. In previous studies in this series, it has been shown that water can function as a very effective catalyst. Addition of just one water molecule can dramatically lower barrier heights to about zero or nearly so. 3a-c The addition of observer waters lowers the barrier even further. Because the transition state in Figure 10 is the lowest in energy among the mechanisms studied here, the impact of one water molecule was analyzed, leading to transition structure TSW in Figure 10 . As in the earlier studies, this leads to a zero barrier for this reaction.
Because the first step in reaction (iii) is energetically favored (because of the large number of hydrogen bonds) relative to the first steps of reactions (i) and (ii), it is sensible to explore the transition structures and associated barrier heights for the subsequent steps in this mechanism. It is important to note, however, that on the basis of previous studies of condensation reactions, the addition of water molecules will also greatly reduce the barriers for the first steps of mechanisms (a) and (b) as well. This will be explored in a later work. The remainder of this work focuses on mechanism (c).
Mechanism (c).
The final stage of the present study is to complete the potential energy surface for mechanism (c) , by locating transition structures that connect the intermediates. As may be seen in Figure 8 , once S has been formed, all subsequent condensations correspond to formation of new edges, because S already contains the full complement of 8 Si units. So, each subsequent reaction is endothermic until the final product U (T 8 ) has been formed. Figure 11 presents a schematic of the potential energy surface from A to U. It is important to note that, in this figure, all product waters are implied, and each barrier refers to the energy required to form the corresponding intermediate, while each heat of reaction is for 1 mol of the corresponding product. The barrier heights for these successive condensation reactions are relatively high except for the first reaction (C f S), as mentioned before. Especially, the barrier heights for the reactions V f R and R f U are found to be large. The transition structures for the reactions V f R and R f U are shown in Figure 12 . The former process is a bond alternation reaction caused by a hydrogen atom exchange between two oxygen atoms in the transition structure. Interestingly, according to experimental observations, V, but not R, is observed and isolated in the synthesis of U ([MeSiO 1.5 ] 8 in the experiment). 12 These two isomers are predicted here to be comparable in energy, and V has the largest barrier separating it from the final product. This may explain why it is observed. Because the direct isomerization from R to U is also predicted to involve a sizable barrier, one could speculate that R might also be isolable. However, the transition structure for the condensation from R to U has the usual four-centered structure for the active site. So, this transition state may be stabilized by the addition of water. To confirm this, the transition states with a catalytic water were also located; they are shown in Figure  12 . Both transition states have six-centered structures, and the energy barriers are significantly reduced (see Figure 11 ) as expected. This has also been observed in the hydrolysis and the early stages of condensation reactions A f B and B f C. Furthermore, the overall reaction, starting from A, is exothermic by 11.5 kcal/mol, suggesting that the formation of T 8 from A is relatively easy in water solvent.
Concluding Remarks
In an attempt to explore the entire mechanism from silanol to T 8 , a large number of intermediates and transition structures on several pathways have been located. It is found that the heat of reaction decreases as the number of Si units increases, while it increases as the number of edges (of the cubic structure) or planes increases. Hydrogen bonds play a very important role in the relative stabilities of intermediates and transition structures and reaction mechanisms as a result. In addition, the deformation of the D 4 ring seems to have an important effect.
Among the three types of mechanisms from D 4 to T 8 considered here, the plane addition condensation is found to be the energetically most favorable, although the energy barrier for each process is relatively high in the gas phase. The overall reaction, starting from A, is exothermic by 11.5 kcal/mol. Furthermore, one catalytic water is expected to reduce the barrier, as seen in the early stages of condensation or hydrolysis in our previous studies. Of course, there may be many other mechanisms (involving ring expansion in D 3 or T 6 , for example) that have not been considered here. These alternative mechanisms will be considered in later work. In addition, it is likely that the effect of substituents on the silicon atoms may be very important for all of the reaction mechanisms. Analyses of substituent effects are also in progress. 
